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ABSTRACT 
We investigatetheextenttowhichhourlyradonobservationscanbeusedtoestimatedailyPM2.5 loadingnear
the ground. We formulate, test and apply a model that expresses the mean daily PM2.5 load as a linear
combinationofobservedradonconcentrationsanddifferencesonagivenday.Themodelwasdevelopedusing
two consecutive years of observations (2007–2008) at four sites near Sydney, Australia, instrumented with
aerosolsamplersandradondetectors.Modelperformancewassubsequentlyevaluatedagainstobservations in
2009.Aftersuccessfullyreproducingmeandailyradonconcentrations(r2ш0.98),weusedthemodeltoestimate
dailyPM2.5mass,aswellasthatofselectedelements(Si,K,Fe,Zn,H,SandBlackCarbon).Whenparameterizing
themodel for elementalmass estimates the highest r2 values were generally obtained for H, BC, K and Si.
Separatingresultsbyseason,ther2valuesforKandBCwerehigherinwinterforallsites,aperiodoftimewhere
higherconcentrationsoftheseelementsareseenandarapidestimationtoolwouldbeofparticularbenefit.The
bestoverallresultswereobtainedinwinterforHandBC[r2=0.50,0.68,0.70,0.63(H)and0.57,0.57,0.78,0.44
(BC)], respectively for Warrawong, Lucas Heights, Richmond and Muswellbrook. Evaluation of model PM2.5
estimateswasmostsuccessfulfordayswithtypicalaerosolloads;loadswereusuallyunderestimatedfor,theless
frequent,high–to–extremepollutiondays.ThebestelementalresultswereobtainedforBCatRichmondinwinter
(r2=0.68).However,forWarrawongandLucasHeightsr2values increasedfrom0.26to0.60,andfrom0.33to
0.73, respectively,when several particularly high concentration eventswere excluded from the analysis. The
modelperformedbestatRichmond,an inlandsitewithrelativelyflatterrain.However,modelparametersneed
tobeevaluatedforeachsite.
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1.Introduction

Over the past decade the population of Sydney, Australia’s
largestcity,hasincreasedbya11%to4.5million.TosupplySydney
and the surrounding region with electricity there are presently
eightcoal–firedpower stationswhich,combined,burna25Mtof
coalannually. In2008alone, theSydney region released2680kT
of gaseous and particulate emissions into the atmosphere (NPI,
2012).Thedominantcontributors included:electricitygeneration,
motor vehicles, coal mining, metal production, cement manuͲ
facturingandburning.Acombinationof“diffuseemitters”(mobile
sources, scattered small industries and non–industrial sources),
andlargepointsources(e.g.opencutcoalmines,coal–firedpower
stations, the KurnellOil Refinery and the Port Kembla Industrial
Site)contributetoSydney’sannualreleases,whichfeedintothree
main airsheds: Hunter, Sydney and Illawarra (Figure1). Each
airshed is clearly delineated by the topographic confines of the
GreatDividingRange;whichrises inplacestoover1000mabove
sealevel(asl)tothewest.

Thenegative impactof fineparticulatematter (aerosolswith
diameter ч2.5Pm; PM2.5) on human health has long been
recognized (e.g. Dockery et al., 1993; Dockery and Pope, 1994;
RussellandBrunekreef,2009).Consequently,regulatoryguidelines
basedondailyaveragedPM2.5andPM10concentrationshavebeen
developed.Theconcentrationandcompositionofaerosolscanbe
monitored in near real time (Russell and Brunekreef, 2009;
Hartonenetal.,2011),bearingcertaincaveatsinmind(Russelland
Brunekreef, 2009;Ng et al., 2011) or,more commonly, by using
off–linetechniques(e.g.Cohen,1998).

This study investigates the extent to which near–surface
observationsofthepassivetracerRadon–222(radon)canbeused
asaproxyfordailymeanfineaerosolloadestimatesinthevicinity
of Sydney,a large coastal city.Weapplyamodel thatexpresses
themean daily PM2.5 load as a linear combination of observed
radon concentrationsanddifferencesonagivenday.Themodel
parametersareoptimized forusewith24–houraveragedaerosol
samplesforwhichdetailedelementalanalysisarealsoavailable,at
both coastal and inland sites. Furthermore, the efficacy of a
reduced form of themodel, based onmorning radonmeasureͲ
ments only, is also investigated. Using only morning radon
observation offers a relatively inexpensive tool, compared with
recentlydevelopedmass spectrometricmethods, toestimate the
dailyelemental loads that thepopulationwillbeexposed toona
given day. Thewell–developed ion beam analysis (IBA), off–line,
techniques (Cohen, 1998) are used for the elemental analysis of
thePM2.5used inthedevelopmentofthemodel. It isanticipated
thatthemodelparametersneedtobere–evaluatedwhena large
changeinthesourcetermoccurs.ForcitiessuchasSydney,where
thepopulationincreasesapproximately1%peryearlargechanges
fromanthropogenicreleasesfromyeartoyeararelesslikely.


 
Crawford et al. – Atmospheric Pollution Research (APR) 2

Figure1.Topographicmapofthestudydomainindicatingthefour
samplingsitesandtheSydney,Hunter,andIllawarraairsheds.

Three years (2007–2009) of collocated aerosol and radon
measurements at four sites in the Sydney Basin, Australia,were
selected foranalysis.The firsttwoyearsofobservationsareused
to develop a regression model for mean daily aerosol load
estimates, and then the third year of observations is used to
evaluate themodel’sperformance. The studydomain contains a
number of aerosol sources of contrasting strength and spatial
extent, and can be considered typical of a coastalmetropolitan
areainthetemperatezone.

The concentrationofaerosolsata receptor sitedependson
the rate of emission from their source, transformation and
depositionrates, theirdilution in theatmosphericboundary layer
(ABL), and detrainment through the capping inversion. Diurnal
mixingwithintheABLoftenplaysasignificantroleinhighpollution
events, inparticular lightwinds, temperature inversions and low
mixing layer depth contribute to the buildup of PM2.5 at ground
level (e.g. Dongsheng et al., 2012). Radon is predominantly a
terrestrially–emitted and chemically stable gas, the sources of
which are relatively constant on regional spatial scales and sub–
seasonaltimescales(Jacobetal.,1997).Thismakesradonagood
tracerof recent terrestrial influenceson airmasses (Balkanskiet
al.,1992).Furthermore, changes in concentrationmeasurednear
the surface on sub–diurnal time scales give an indication of the
dilutioneffectsduetotheevolutionoftheABL.

Unlike radon, theatmosphericaerosol load iscontributed to
by sources with considerable spatial and temporal variation.
However,anunderlyingassumptionoftheapproachundertakenin
this study is that the aerosol source term is reasonablyuniform,
whichmay be achieved on annual time scales (see Table1). To
reducetheeffectofseasonalvariationinthesourceterm,summer
and winter measurements are considered separately. Seasonal
considerationoftheresultsalsoreducesthespatialvariationofthe
sourceterm,sinceduringsummerairmassespredominantlyarrive
from an easterly direction and in winter from westerly and
southwesterlydirections.

Theoutlineof thepaper is as follows: anoverviewof study
domainandmodel inputdata (aerosolandradonmeasurements)
isprovided inSection2; themodel formulation,determinationof
itsparametersandadiagnosticof itsperformance isdiscussed in
Section3.Finally,insection4,weexaminetheperformanceofthe
modelsuiteforestimatesoftotalfineaerosolmassconcentration
andthemassconcentrationsofselectedindividualelements.

Table1.AnnualPM2.5andSO2emissionstotheatmosphere inthestateof
NewSouthWales(NPI,2012)
Year PM2.5(kg) SO2(kg)
2010Ͳ2011 5400000 260000000
2009Ͳ2010 5300000 260000000
2008Ͳ2009 6700000 280000000
2007Ͳ2008 5000000 310000000
2006Ͳ2007 notavailable 300000000
2005Ͳ2006 notavailable 290000000

2.OverviewofExperiment

2.1.Studydomain

Thefoursamplingsites(Warrawong,34°29’S,150°52’E;Lucas
Heights, 34°02’S, 150°59’E; Richmond, 33°36’S, 150°44’E; and
Muswellbrook, 32°16’S, 150°53’E), alongwith themain regional
airsheds,areshowninFigure1.Aswellasprovidinganorth–south
crosssectionthroughtheairsheds,thestudysitesareatincreasing
distances from the coast (3 to 130km), and thus exhibit a
progressivereductioninmarineinfluence.

TheWarrawong site is3km from the coastat40masl. It is
classified as an urban/heavy industry site as it is located
immediately west of the Port Kembla industrial complex. The
major industries in this area include ferrousmetal smelting and
refining plant, a large integrated steelworks (coke ovens, sinter
plant, blast furnace) together with iron ore and coal handling
facilities (Chiaradia et al., 1997). Thus PM2.5 measurements at
Warrawongarestronglyinfluencedbythesesources.

The LucasHeights site is18km from the coastat152masl,
andsituatedonabroadridgewithdropsinelevationof130–150m
within a 1km radius. LucasHeights is classified as a rural/urban
site.

TheRichmondsite,classifiedasrural/industrial,is55kmfrom
the coastat24masl. It is located ina relatively flatarea to the
westofSydney.Thesiteisinfluencedbothbysourcesfromwithin
the Sydney CBD region, and sources external to the greater
metropolitanarea.Furthermore, firewood isextensivelyused for
domesticheatinginwinterinthisregion.Muswellbrook,classified
asarural/industrialsite,is130kmfromthecoastandlocatedina
broadvalleyat144masl.Muswellbrookissituatednearopen–cut
coalminesandtwocoal–firedpowerstations.

In addition to domestic sources,mobile sources (e.g.motor
vehicles) and scattered small industries, a number of significant
pointsourcesarealsopresent intheregion, includingeightcoal–
firedpowerstationsandtwooilrefineries.

Theprevailingmeteorology,aswellastheaerosolandradon
samplingandmeasuringprograms,aredocumentedinCrawfordet
al. (2011). In summary, inwinter, airmasses approach the sites
from thewestand southwesthaving crossed southeastAustralia
whereas in summer airmasses typically approach the sites from
the northeast to southeast quadrant, and exhibit comparatively
short landfetches.Autumnandspringarecharacterizedbymixed
fetchconditions.

2.2.Atmosphericradonmeasurements

The naturally occurring radioactive gas radon (half life
t0.5=3.82days) is chemically inertandpoorly soluble inwater. Its
parent,radium–226, is long lived(t0.5=1600years)andubiquitous
toall terrestrial surfaces.Terrestrial radon fluxdensities typically
range from 16 to 26mBq/m2s (Zhou et al., 2008;Griffiths et al.,
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2010) and are considered to be relatively consistent on regional
spatialscalesandsub–seasonaltimescales(e.g.Jacobetal.,1997).

Hourlymeasurements of atmospheric radon concentrations
werecarriedoutusingdual flow loop, two filter radondetectors,
theprincipleofoperationofwhichisdetailedinWhittlestoneand
Zahorowski(1998).Theradondetection limit,definedhereasthe
concentrationatwhichtheuncertaintybecomeshigherthan30%,
is40mBq/m3.

2.3.Aerosolsamplingandelementalanalysis

Aerosols were sampled using an IMPROVE PM2.5 cyclone
system, with a 25mm diameter Teflon filter and flow rate of
a22L/min (Cohen et al., 1996). 24–hour integrated samples
(midnight tomidnight)were collected twice aweek (Wednesday
and Sunday). Elemental analysis of the aerosol samples was
subsequently performed using accelerator–based IBA techniques
(Cohen et al., 1996; Cohen, 1998; Cohen et al., 2004b), which
yieldedquantitativeconcentrationsforthefollowingelements:H,
Na,Al,Si,P,S,Cl,K,Ca,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Br,Pb.
Laser absorption methods were used to determine the black
carbon(BC)concentrations(Cohenetal.,2000;Tahaetal.,2007).

Certain combinations of elements are known to represent
particular source types (Cohen et al., 2004a; Kim et al., 2004;
Crawford et al., 2007; Chan et al., 2008). The Si–Al pair, for
example,isaneffectivemarkerforsoils(e.g.Cohenetal.,2004a).
The Si source term depends on factors such as the vegetation
cover,whichisspatiallyinhomogeneous,thesoilmoisturecontent
and thewind speed. K and BC are generally good indicators of
smoke, with BC also present in vehicle exhaust, e.g. elemental
carbonandorganiccarbonwhere found in the traffic fingerprints
in(Zhouetal.,2008;AmatoandHopke,2012)andBCwasfoundin
the traffic fingerprint in theSydneyBasin (Cohenetal.,2011).Fe
andZnaretypicallyfoundinheavyindustryemissions,althoughZn
isalsoassociatedwithmotorvehicles.Generally,particulatesulfur
(S) in aerosol samples is secondary sulfate, produced by the
conversion of SO2 gas to the particulate sulfate phase in the
presenceofsunlightandwatervapor(SeinfeldandPandis,1998).
SO2 originates from vehicles, coal–fired power plants and other
industrialactivities.Naisamarkerforseasalt.Hcanbefrommany
sources (e.g. Yver et al., 2009), including ammonium complexes
andorganicemissionsfrommotorvehiclesandbiomassburning.

All times reported in thisstudyare inEasternStandardTime
(UTC+10h),andthesouthernhemispheredefinitionofseasonshas
been employed throughout: summer (December, January and
February),winter(June,JulyandAugust).

2.4.Radonandaerosoltimeseries

Apronouncedseasonalityintheradonsignalisobservedatall
sites,generallycharacterizedbyasummerminimumandautumn
maximum (Figure2). The coastal sites (Warrawong and Lucas
Heights) show lower radon concentrations; the inland sites
(Richmond and Muswellbrook) show significantly higher
concentrations.Thesummerminimumisduetothelargermarine
influenceatthistime(e.g.Crawfordetal.,2011;Chambersetal.,
2011), while the autumn maximum is attributable to
predominantlycontinentalfetchandperiodsof lowerwindspeed
(particularly inMay), when nocturnal radon concentrations can
reachveryhighvaluesbeneathashallow inversion layer.Spectral
decomposition (not presented here) has shown that radon
measurementsatallsitesexhibitanannual(dominantcomponent)
andadiurnalcomponent.Theamplitudeofthediurnalcomponent
is larger forthe inlandsitesthanthatofthecoastalsitesandthe
amplitudeof theannualcomponent is larger for thecoastalsites
thanthatfortheinlandsites.

Figure2.Seasonalaverageofradonconcentrations(Bq/m3)for
thefoursites.

Typically, the diurnal variation of radon concentration at a
continental site is characterized by a morning maximum value
around sunrise, and minimum values in the mid– to late–
afternoon.Throughoutthenightlocalradonemissionsaretrapped
inacomparativelyshallownocturnalboundarylayer(NBL).Around
sunrise thestabilityof theNBL is typicallyat itsmaximum,giving
rise to strong vertical gradients and high near–surface radon
concentrations. The daytime convective boundary layer (CBL) is
fullydevelopedbyearlyafternoon,resultinginamixingvolumefor
locally emitted and advected radon approximately twoordersof
magnitudegreater than itsnocturnal counterpart. Strongmixing,
characteristic of the fully–developed CBL, distributes radon fairly
uniformly throughout its depth (e.g. Williams et al., 2011),
resulting in low radon concentrations even quite close to the
surface (e.g.Mosesetal.,1960;Guedaliaetal.,1980;Hsuetal.,
1980;Chambersetal.,2011).

Diurnal composite radon concentrations at each of the four
sites in this study, based on all available data (2007–2009), are
presentedinFigure3.Whileineachcasethetypicalearlymorning
maximumand lateafternoonminimumare clearlyobserved (see
alsoFigure5),theamplitudeofthediurnalcycleisseentoincrease
substantially with distance from the coast (Warrawong to
Muswellbrook).While there is little difference in the afternoon
radonconcentrationsateachofthefoursites,muchhigherradon
concentrations are seen throughout thenight at the inland sites
due to theshallowernocturnalmixingdepths inland,aswellasa
reducedmarineinfluenceonairmasses.Theoceanicradonflux is
usuallytwotothreeordersofmagnitude lessthancorresponding
terrestrialvalues(WilkeningandClements1975;ScheryandHuang
2004).

Timeseriesoftotalaerosolmassconcentrationarepresented
inFigure4.Thecoastalsitesshow lowerconcentrations inwinter
andhigher concentrations in summer.No clear seasonal trend in
total mass concentrations is discernible for the inland sites.
Seasonaltrendsfor individualelements,aswellasthecorrelation
ofaerosolsandradon,havepreviouslybeenreported(Crawfordet
al., 2011), as have time series of the daily mean radon and
individualaerosolelements.

3.LinearRegressionModel

Since both radon and anthropogenic aerosols are
predominantlyof terrestrialorigin,radonconcentrationmaybea
goodproxy foranthropogenicaerosol load in theABL,and this is
what is investigated in this study. Radon is emitted from all
terrestrialsurfaces (seeSection2.2)whereasaerosolsresult from
distributedsourcessuchasmotorvehicles,firewoodburning,and
frompointsources,suchasindustrialemissionsandpowerplants,
allofwhicharebasedon land (seeSection2.3).Ondiurnal time
scales, under uniform fetch conditions, radon concentrations
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observednearthesurfacerespondtochangesindepthoftheABL
andventingfromtheABL(Williamsetal.,2011),whichisalsothe
mixing volume for anthropogenic aerosols emitted from near–
surface sources. It is primarily on these characteristics of radon
observationsthattheformulationofthemodeldepends.Thehalf–
life of radon is compatible to the residence time of primary
aerosols in the atmosphere, 3 to 20days (Seinfeld and Pandis,
1998)andsummerandwinteranalysisisundertakentoreducethe
influenceofvariationinthesourceterm.

3.1.Modelformulation

We present amodel,whereby themean daily aerosol load
nearthesurfaceisexpressedasalinearcombinationofdifferences
in observed radon concentration on a given day. Firstly, we
considertwoversionsofthemodel:thefirst(referredtoasthefull
day model) employs radon measurements from selected times
over the full 24hours of the day corresponding to the aerosol
samplingperiod[Equation(1)].Thesecondversion(referredtoas
themorningapproximation)usesradonmeasurementstakenonly
from the first12hof the24haerosolsamplingperiodofagiven
day [Equation(2)].The resultantgeneralizedexpressions fordaily
meanestimatesofnear–surfaceaerosolloadarethenasfollows:

ܦܧி௨௟௟ ൌ ܴܽ௠௔௫ ൅ ܾοܴ௧ଶି௧ଵ ൅ ܿοܴ௧ସି௧ଷ ൅ ܴ݀௠௜௡
൅݁οܴ௧଺ି௧ହ ൅ ݇ (1)

ܦܧெ௢௥௡௜௡௚ ൌ ܴܽ௠௔௫ ൅ ܾοܴ௧ଶି௧ଵ ൅ ܿοܴ௧ସି௧ଷ ൅ ݇ (2)

whereDEFullrepresentsameandailyestimateofeitherPM2.5mass,
massofaspecificelement in thesample,or radon itself,derived
from radon measurements across a whole 24h period, and
DEMorningrepresentsameandailyestimatefora24hperiodusing
onlythemorningradonvalues.Rmax,minaretheday’smaximumand
minimum hourly radon concentrations as indicated in Figure5,
ȴRti–tjaredifferences inthehourlyradonconcentrationsbetween
thebeginningandendof the threeperiods indicated inFigure5,
andkisaconstant.


Figure3.TimeseriesoftotalPM2.5 concentration(ʅg/m3)ateachofthefoursites.


Figure4.Diurnalcompositeradonconcentrations(Bq/m3)basedonthreeyears(2007Ͳ2009)
of hourlyradonobservations.

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

Figure5.Diurnalcompositeradondeviationfromthemeanexpressedinstandarddeviations(sd),
ateachofthe4samplingsites. Themodelvariableselectionperiodsarealsoidentified.

Fortheperiodofmodelapplication it isassumed(a)thatthe
daily near–surface PM2.5 load is primarily a function of dilution
within the boundary layer (diurnal time scales), and fetch/
advection(synopticandseasonaltimescales),and(b)thataerosol
sourcesandsinkschangeslowlyenoughwith time that theymay
be considered constant. The emissions of PM2.5 and SO2 for the
state of New SouthWales are presented in Table 1. There is a
higherPM2.5 for the 2008–2009 reporting year (aperiodused in
this study for model evaluation) otherwise there is only 8%
difference between the minimum and the maximum PM2.5.
However,whenlargechangesoccurthemodelparametersneedto
bere–evaluated.

This approach is similar to the Atmospheric Stability Index
developed by Perrino et al. (2001) which has been used for
estimating benzene concentrations at a continental site in Italy,
howeverhereitisevaluatedforPM2.5.

3.2.Determinationofmodelvariables

Two time periods are important when selecting radon
observationstouse inEquations(1)and(2): inthemorning,after
sunrise,whenthemixingdepthstartsincreasing,andtheevening,
whenthenocturnalboundarylayerisdeveloping.

Model variables [radon concentrations and differencing
periods forEquations (1)and (2)]weredeterminedbyexamining
the diurnal composite radon signal. Diurnal composite radon
deviations fromthemeanarepresented inFigure5.Thesevalues
wereobtainedbyremovingthemeananddividingbythestandard
deviation of the composite diurnal cycle. Identified periods of
interest included: the morning maximum, afternoon minimum,
pre–dawnincrease,post–dawndecreaseandpostsunsetincrease.

Thefinalchoiceofmodelvariables issummarized inFigure5.
Maximumandminimumradonconcentrationswereselecteddaily
at 6am and 4pm respectively, and differencing windows were
chosenbetween1–4am,6–9amand5–8pm.

Duringtheprocessofoptimizingthewidthandpositionofthe
differencing windows in Figure 5 we observed that the small
seasonalvariabilityindiurnalcompositeshapedidnotsignificantly
affectthemodel’sperformance.Consequently,seasonalvariability
hasnotbeenaccountedforinthemodelformulation.

ApplyingourchoiceofvariablestoEquations (1)and (2),the
full day and morning only expressions with which to estimate
meandailyloadsorconcentrationsarethen:

ܦܧி௨௟௟ ൌ ܴܽ଺௔௠ ൅ ܾοܴସ௔௠ିଵ௔௠ ൅ ܿοܴଽ௔௠ି଺௔௠
൅ܴ݀ସ௣௠ ൅ ݁ο଼ܴ௣௠ିହ௣௠ ൅ ݇ (3)
ܦܧெ௢௥௡௜௡௚ ൌ ܴܽ଺௔௠ ൅ ܾοܴସ௔௠ିଵ௔௠ ൅ ܿοܴଽ௔௠ି଺௔௠ ൅ ݇ (4)

To comparewith the abovemodelswe also examined daily
estimatescalculatedusingathirdsimplificationofthe“full”model,
alinearcombinationofradonmaximaandminimaonlyforagiven
day[Equation(5)].

ܦܧா௫௧௥௘௠௘௦ ൌ ܴܽ଺௔௠ ൅ ܴ݀ସ௣௠ ൅ ݇ (5)

Thefinalremainingstepinordertomakeestimatesofaverage
load (or concentration) of a given component on a specific day
using the radon observations is to determine the model
parameters(a,b,c,d,e,k).

3.3.Modelperformance

Asafirststep,themodelwasevaluatedforthepredictionof
the24houraveraged radon,whichwasan indicationof thebest
possiblefitforthecurrentformofthemodel.

Modelparametersfordailyradon.Herethefirst2years(2007and
2008) of observations are used to determine the model
parameters fordailymean radonestimates.Fittedvaluesofdaily
meanradonfromthethreemodelversions[Equations(3),(4),and
(5)] agree well with observed values: slopes typically >0.9 and
r2ш0.98 (see Table2). Scatter plots of fitted vs. observed daily
mean radon for Equation(3) (morning and evening radon) and
Equation(4) (morningradononly),arepresented inFigure6. It is
evident that a closer fit is obtained for the full day model
[Equation(3)] thanwhen using themorningmeasurements only
[Equation(4)].However,usingonly themorningradonvaluesstill
resultsinareasonablefitwithanr2of0.91orbetter(Table2).
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
Table2.r2valuesforfitsofdailyaverageradonatthefoursites;usingthe
fulldaymodel (Equation3), themorningapproximation (Equation4)and
theapproximationwhenusingonlythetworadonmeasurementsat6am
and4pm(Equation5)
 Equation(3) Equation(4) Equation(5)
Warrawong 0.98 0.89 0.94
LucasHeights 0.99 0.91 0.95
Richmond 0.99 0.94 0.94
Muswellbrook 0.98 0.94 0.92

Figure6.Fitteddailyradonconcentration(Bq/m3)againstmeasured
radonconcentrationfor(a)Warrawong,and(b)Muswellbrook.Two
approximationsofdailyradonarecomparedineachfigure:thefullday
model(Equation3;filledcircles);themorningapproximation(Equation
4;opensquares).

Themorningandeveningextreme radonconcentrations (i.e.
hourly measurements at 6am and 4pm) are the dominant
determinants of the daily radon concentrations. However,
including the difference terms takes into account further effects
due to the diurnal evolution of the boundary layer. The fitted
radon concentration when only the 6am and 4pm radon
concentrations are used is presented in Figure7 and compared
withthefulldaymodelestimates[Equation(3)].

Model estimates of daily radon concentration. Once the para–
metersofEquations(3)and(4)weredetermined(vialeastsquares
fitting) using the 2007 and 2008 observations, the ability of the
modeltoestimateradonconcentrationsfor2009wasevaluated.r2
values for the measured vs. estimated mean daily radon
concentration are presented in Table3, and the corresponding
concentrations are plotted in Figure8 for Warrawong and
Muswellbrook. Both model versions compare well with
observations. Expressed in r2, the results represent the best fit
obtainablewiththecurrentformofthemodel.

Figure7. Fitteddailyradonconcentration(Bq/m3)againstmeasured
radonconcentrationfor(a)Warrawong,and(b)Muswellbrook.Two
approximationsofdailyradonarecompared:fulldaymodel(Equation3;
filledcircles);dailyradonminima(4pm)andmaxima(6am)only
(Equation5;opensquares).

Table3.r2valuesforestimateddailyaverageradonconcentrationsagainst
thedailyaverageofmeasuredradonconcentrationsatthefoursites
 Equation(3) Equation(4)
Warrawong 0.98 0.88
LucasHeights 0.98 0.89
Richmond 0.97 0.93
Muswellbrook 0.98 0.93

4.ModelEstimatesofDailyAerosolLoad

4.1.Modelparametersforaerosols

Model parameters for the “full” and “morning” versions
[Equations (3) and (4)]were determined for total PM2.5mass as
wellasforselectedelementsidentifiedintheaerosolsamples.The
elementschosenfortheanalysiswereH,Na,Si,S,K,Fe,ZnandBC
(cf.Section2.1).
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
Figure8.Modelestimateddailyradonconcentration(Bq/m3)against
measuredradonconcentrationfor(a)Warrawong,and(b)Muswellbrook.
Twoapproximationsofdailyradonarecompared:fulldaymodel(Equation
3;filledcircles);morningapproximationonly(Equation4;opensquares).

Based on the 2007–2008 observations, model parameters
were fitted firstly for the whole composite year and then
separately by composite season (summer andwinter only). The
purpose of the seasonal analysiswas to account for: (a) known
seasonalvariations in thesource termof the investigatedspecies
(Cohenetal.,2011,Crawfordetal.,2011,Cohenetal.,2012),and
(b)seasonalityintheprevailingfetchregionsforeachsite.

The climatology of our study domain is such that coastal
(includingmarine)sourcesprevailinsummerandinlandsourcesin
winter; resulting in a better correlation between radon and
selectedaerosolelementsinwinterthansummer(Crawfordetal.,
2011).Thiscouldbeduetoanumberoffactors;(a)PM2.5sources
maybemoreuniformoverthewinterfetchperiodand/orregion,
e.g. smoke (K and BC) from consistent domestic burning for
heatinginwinterandfromoccasionalbushfiresandotherburning
in summer, (b) lowerwind speeds inwinter resulting in shorter
fetch, thus local sourcesdominate (e.g.BC)andare trapped ina
shallowboundary layer (Chambersatal.,2011),and (c)given the
largequalitativeandquantitativedifferencesbetweenmarineand
land sources, air parcels significantly affected bymarine airmay
weakencorrelationsthataretypicalforlandsources.

r2valuesof the fit forPM2.5massconcentrationandeachof
theelementsisshowninTable4forthefulldaymodelandforthe
morning approximation. Seasonal variabilitiesof themodelparaͲ
metersareillustratedinTable5.

For the reasons mentioned above, we obtained better
regression results for the composite winter, regardless of the
approximationused.Also,higherr2valueswereobtainedwiththe
full daymodel, although in some cases the difference in the r2
values for both approximations is much less pronounced (cf.
Table4). These cases include Si in winter for sites other than
Richmond;Sinwinteratallsites;ZninwinterforWarrawongand
BCandFeatMuswellbrook.Thelargestdifferenceinthequalityof
thefitbetweenthetwoapproximationsoccursinsummer.

Forthefulldaymodel,highr2valuesareseenforHandforBC
atmostsites. Inwinter,anr2of0.44orhigher isseenforbothH
andBC indicating that44%ormoreof theobservedvariabilityof
theseelementscanbeexplainedbyradon.AtRichmondupto70%
ofthevariationofHandBCcanbeexplainedbyradoninwinter.At
MuswellbrookthequalityofmodelfittingforHandBCinwinteris
similarusingbothapproximations.Fortheotherthreesites,fitting
thefulldaymodelproduceshigherr2.

ForSi,bettermodelfittingwasproducedwhenseasonswere
analyzed separately. For sites other than Richmond and
Warrawong insummer,using the fulldaymodel resultsonly ina
slight improvement over themorning terms approximation. For
Richmond, however, in winter the difference between the two
approximationsismorepronouncedwithanr2valuereducedfrom
0.71to0.43andatWarrawonginsummerther2valueisreduced
from0.22to0.07.

Similar r2valuesare seen forS in summerandwinter,when
using the full day model for sites other than Richmond. At
Richmondasignificantlylargerr2valueisseeninsummer.

Plotsofthe fittedcompositewinterPM2.5massasafunction
ofthemeasuredPM2.5massforallsitesareshowninFigure9.For
sites other thanMuswellbrook using themorning approximation
seems to result in lower values than the fulldaymodelondays
with high mass measurements. Fitted and measured BC fine
aerosolmassinwinterarecomparedinFigure10.Thehighestr2is
obtained for Richmond. Once again for sites other than
Muswellbrook the morning approximation results in lower estiͲ
mates than the full day model on days when high BC concenͲ
trationswererecorded.

4.2.Modelestimatesofaerosolload

Once themodelparametersweredeterminedwe tested the
ability of themodel to estimate aerosol concentrations for the
remaining year of observations (2009). Themodel performance
was evaluated by the r2 values of the estimated concentrations
(using themodeldeveloped inSection4.1)against themeasured
concentrations.Ther2valuesareshown inTable6forthefullday
modelandforthemorningtermsofthemodel.Thecorresponding
estimated concentrations for total PM2.5mass concentration and
BCforthewinterof2009areplotted(againstmeasuredquantities)
inFigures11and12,respectively.

Thereare twomajor trends.First, there isbetteragreement
between theexperimentand themodel forwinter.This issimilar
to the findingsduringmodel fittingandmost likely for the same
reason. The second trend in the model performance is that
whereastheestimatesofaerosol loadsforambient levelsaround
orbelowmedianlevelsseemtobegenerallyinagreementwiththe
measuredvalues,highconcentrationsareunderestimated.Insome
cases a few highmeasured concentrations significantly influence
ther2valueobtainedfortheestimatedconcentrationsagainstthe
measuredconcentrations(examplesgivenbelow).

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
Table4.r2ofthemeasuredandfittedPM2.5totalmassconcentrationandmassconcentrationsofeachoftheidentifiedelementsusingthefulldaymodel(top
row,Equation3)andthemorningapproximation(r2initalicsandbottomrow,Equation4)
  NumberofSamples
TotalMass
Concentration H Na Si Al S K Fe Zn BC
Warrawong Allyear 195 0.22
0.06
0.35
0.13
0.14
0.07
0.20
0.08
0.21
0.10
0.25
0.06
0.15
0.04
0.16
0.02
0.09
0.02
0.24
0.08
 Winter 47 0.38
0.25
0.50
0.35
0.50
0.18
0.51
0.43
0.34
0.25
0.29
0.21
0.43
0.32
0.41
0.39
0.38
0.37
0.57
0.34
 Summer 50 0.23
0.07
0.37
0.11
0.37
0.00
0.22
0.07
0.20
0.04
0.21
0.04
0.19
0.05
0.15
0.09
0.18
0.08
0.28
0.07
           
LucasHeights Allyear 169 0.25
0.15
0.47
0.31
0.14
0.09
0.28
0.27
0.18
0.18
0.12
0.06
0.24
0.19
0.23
0.17
0.28
0.13
0.46
0.33
 Winter 42 0.50
0.27
0.68
0.42
0.14
0.14
0.46
0.42
0.38
0.36
0.22
0.16
0.42
0.31
0.24
0.11
0.27
0.19
0.57
0.40
 Summer 44 0.26
0.16
0.43
0.25
0.17
0.06
0.45
0.35
0.39
0.15
0.31
0.15
0.15
0.15
0.33
0.15
0.37
0.04
0.46
0.37
           
Richmond Allyear 136 0.56
0.40
0.63
0.46
0.22
0.19
0.41
0.26
0.35
0.21
0.14
0.06
0.56
0.38
0.10
0.08
0.37
0.27
0.66
0.57
 Winter 40 0.69
0.45
0.70
0.42
0.14
0.00
0.71
0.43
0.68
0.37
0.36
0.33
0.68
0.35
0.63
0.55
0.65
0.43
0.78
0.58
 Summer 18 0.59
0.10
0.70
0.07
0.44
0.38
0.71
0.64
0.50
0.02
0.62
0.02
0.64
0.16
0.59
0.05
0.73
0.02
0.67
0.29
           
Muswellbrook Allyear 143 0.27
0.20
0.38
0.31
0.16
0.13
0.08
0.06
0.07
0.05
0.09
0.04
0.26
0.23
0.21
0.18
0.30
0.29
0.29
0.27
 Winter 36 0.61
0.57
0.63
0.60
0.16
0.14
0.37
0.32
0.28
0.25
0.12
0.09
0.51
0.43
0.47
0.41
0.19
0.18
0.44
0.42
 Summer 36 0.10
0.04
0.23
0.13
0.16
0.12
0.34
0.31
0.36
0.10
0.15
0.10
0.12
0.08
0.48
0.44
0.13
0.09
0.15
0.12


Table5.Parametersofthefulldaymodel(Equation3)forasubsetoftheidentifiedelements
 Winter Summer
 a b c d e k a b c d e k
 Warrawong
Na Ͳ0.0468 Ͳ0.0002 Ͳ0.0538 Ͳ0.0003 Ͳ0.0285 0.3728 Ͳ0.0612 0.0169 Ͳ0.0852 0.0961 Ͳ0.1217 0.6253
Si 0.0082 0.0117 0.0176 0.0035 0.0118 Ͳ0.0030 Ͳ0.0107 0.0105 Ͳ0.0118 0.0354 Ͳ0.0054 0.0242
K 0.0003 0.0117 0.0098 0.0112 0.0023 0.0152 Ͳ0.0156 0.0097 Ͳ0.0104 0.0302 Ͳ0.0186 0.0536
BC 0.0333 0.1360 0.1176 0.1165 0.2263 0.2085 Ͳ0.1173 0.0455 Ͳ0.1338 0.3526 0.0338 0.5549
 LucasHeights
Na Ͳ0.0381 0.0414 Ͳ0.0407 Ͳ0.0101 Ͳ0.0132 0.3196 0.0743 Ͳ0.1320 Ͳ0.0088 Ͳ0.0564 Ͳ0.1759 0.4693
Si 0.0121 0.0069 0.0170 Ͳ0.0001 Ͳ0.0149 Ͳ0.0006 0.0033 0.0068 0.0084 0.0145 0.0119 0.0075
K 0.0004 0.0011 0.0042 0.0078 0.0019 0.0143 0.0032 Ͳ0.0032 0.0028 0.0004 Ͳ0.0021 0.0236
BC 0.0547 0.0724 0.0460 0.1352 Ͳ0.1732 0.2398 0.0265 0.0291 0.0468 0.1111 Ͳ0.0005 0.3316
 Richmond
Na 0.0046 0.0038 0.0028 0.0012 Ͳ0.0327 0.1332 Ͳ0.0309 Ͳ0.0026 Ͳ0.0511 0.0015 Ͳ0.0568 0.3919
Si 0.0011 Ͳ0.0041 0.0005 0.0107 0.0118 Ͳ0.0122 Ͳ0.0003 0.0004 Ͳ0.0039 0.0114 0.0088 0.0010
K Ͳ0.0013 0.0086 0.0006 0.0361 0.0047 Ͳ0.0084 Ͳ0.0027 Ͳ0.0008 Ͳ0.0038 0.0072 Ͳ0.0056 0.0253
BC 0.0217 0.0204 0.0415 0.1752 0.0586 0.2699 0.0150 Ͳ0.0037 0.0242 0.0352 Ͳ0.1225 0.4946
 Muswellbrook
Na Ͳ0.0026 0.0051 0.0071 Ͳ0.0079 Ͳ0.0041 0.1757 Ͳ0.0433 0.0108 Ͳ0.0583 Ͳ0.0040 Ͳ0.0419 0.4436
Si 0.0015 Ͳ0.0007 0.0006 0.0056 0.0024 0.0229 Ͳ0.0042 0.0045 Ͳ0.0094 0.0196 0.0025 0.0611
K 0.0015 Ͳ0.0002 0.0009 Ͳ0.0011 0.0022 0.0144 Ͳ0.0013 0.0014 Ͳ0.0015 0.0045 0.0001 0.0242
BC 0.0390 Ͳ0.0359 0.0157 Ͳ0.0140 0.0193 0.4343 0.0381 0.0194 0.0544 Ͳ0.0368 0.0159 0.5913






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
 
Figure9.FittedPM2.5totalmassconcentration(μg/m3)for winteragainstmeasuredPM2.5totalmass
concentrationforeachofthefoursites.TwoapproximationsofPM2.5totalmassconcentrationare
compared:thefirst(opensquares)usestheradonhourlyconcentrationsmeasuredat6amandthetwo
3Ͳhourchangesinradonbetween1amͲ4amand6amͲ9am(cf.Equation4).Thesecondapproximation
(filledcircles)takesintoaccountradonconcentrationsmeasuredat6amand4pmandtheradonchange
inthree3Ͳhourlongperiods1amͲ4am,6amͲ9am,and5pmͲ8pm(cf.Equation3).




Figure10.FittedBCmassconcentration(μg/m3)forwinteragainstmeasuredBCmassconcentrationfor
eachofthefoursites.Symbols,asinFigure9.

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Table6.Ther2valuesofthemeasuredandestimatedPM2.5totalmassconcentrationandmassconcentrationofeachoftheidentifiedelements(for2009)
usingthefulldaymodel(toprow,Equation3)andthemorningapproximation(r2initalicsandbottomrow,Equation4)
  TotalMass H Na Si Al S K Fe Zn BC
Warrawong Allyear 0.00
0.04
0.02
0.09
0.15
0.17
0.02
0.03
0.00
0.02
0.00
0.10
0.00
0.04
0.00
0.02
0.00
0.00
0.05
0.08
 Winter 0.00
0.00
0.08
0.01
0.10
0.13
0.03
0.05
0.04
0.04
0.01
0.04
0.06
0.07
0.01
0.01
0.04
0.05
0.26
0.16
 Summer 0.18
0.14
0.09
0.09
0.00
0.00
0.26
0.10
0.34
0.01
0.11
0.18
0.04
0.05
0.28
0.10
0.02
0.01
0.30
0.17
           
LucasHeights Allyear 0.02
0.02
0.16
0.15
0.10
0.05
0.01
0.10
0.01
0.00
0.01
0.01
0.02
0.02
0.00
0.01
0.04
0.04
0.29
0.27
 Winter 0.37
0.50
0.38
0.36
0.19
0.33
0.00
0.00
0.00
0.01
0.41
0.49
0.53
0.36
0.20
0.41
0.40
0.29
0.33
0.36
 Summer 0.15
0.10
0.23
0.28
0.00
0.01
0.81
0.69
0.37
0.41
0.33
0.53
0.04
0.04
0.68
0.63
0.27
0.17
0.66
0.53
           
Richmond Allyear 0.17
0.11
0.26
0.14
0.06
0.04
0.09
0.06
0.07
0.05
0.15
0.11
0.16
0.13
0.12
0.11
0.11
0.05
0.45
0.43
 Winter 0.60
0.56
0.57
0.49
0.08
0.10
0.01
0.06
0.01
0.04
0.01
0.01
0.48
0.52
0.04
0.04
0.46
0.32
0.68
0.60
 Summer 0.15
0.01
0.19
0.01
0.10
0.01
0.55
0.20
0.43
0.27
0.07
0.02
0.31
0.01
0.11
0.05
0.01
0.05
0.10
0.01
           
Muswellbrook Allyear 0.06
0.04
0.10
0.12
0.15
0.16
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.03
0.01
0.01
0.03
0.03
0.28
0.23
 Winter 0.12
0.15
0.29
0.32
0.10
0.08
0.03
0.03
0.03
0.03
0.14
0.09
0.05
0.06
0.01
0.01
0.01
0.01
0.26
0.29
 Summer 0.22
0.34
0.24
0.09
0.06
0.06
0.28
0.27
0.20
0.19
0.08
0.06
0.26
0.23
0.21
0.24
0.38
0.47
0.37
0.45




Figure11.EstimatedPM2.5totalmassconcentration(μg/m3)forthewinterof2009againstmeasured
totalaerosolmassconcentration foreachofthefoursites.Symbols,asinFigure9.

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Figure12.EstimatedBCmassconcentration(μg/m3)forthewinterof2009againstmeasuredBCmass
concentrationforeachofthefoursites.Symbols,asinFigure9.

It is important to note that a large number of these high
concentrations are not extreme in the domain, but rather result
from air parcel passage over sources that are not regionally
distributed, or they are distributed differently than the sources
responsible for themore“typical” loads.Because thedistribution
of thedata is log–normalandnotnormal thereareoftenevents
outside the mean plus 3.5 standard deviations, typical of
environmental data of this nature. Extreme events include bush
firesandduststorms(Guptaetal.,2007;Johnstonetal.,2011).An
extremeeventrecorded inourdatasetduring2009wasasevere
dust storm in September, when on one day a total mass
concentration of 235ʅg/m3 was recorded at Lucas Heights,
compared to the average of 6ʅg/m3 for the remaining days of
2009.Suchevents,whichalsobringpollution from longdistances
fromthesites,areinfrequentinourstudydomainevenondecadal
timescale.Hence,weexcludedtheeventfromthedatasetusedto
assessthemodelperformance.

Although reproducing high concentrations was lacking, the
model performance generally improved where only a limited
number of high concentrations were excluded from the
comparison. For instance, excluding the two high BC
measurements forWarrawong (i.e. those larger than 1.5ʅg/m3,
see Figure12) improved the slope from 0.34 to 0.75 and the r2
from 0.26 to 0.60. These two measurements were recorded in
Augustof2009,atimeatwhichtherewerebushfiresintheregion
andalsosomehazardreductionburning.

Inordertoevaluatethemodelperformanceanddemonstrate
its applicability to typical PM2.5 loads we excluded a few high
concentrationsamplesand investigatedtheeffectonther2value
whenthereduceddatasetwasestimated.Excludingonlytwohigh
Sidays forRichmond resulted inan improvementof the r2value
from0.01to0.46.Likewise,excludinghighHsamplesimprovedthe
r2 value for H from 0.19 to 0.53. For the Richmond total PM2.5
mass,excluding twohighestconcentrationsamples improved the
slopefrom0.7to1.0.Removing4highSidaysatLucasHeights(i.e.
when Si was above 0.3ʅg/m3 as opposed to the average of
0.04ʅg/m3forallremainingsamples)improvedthewholeyearsr2
forSiandAlfrom0.01(Table6)to0.22.The lastvalue iscompa–
rabletothatobtainedforthemodelfitting(Table4).Thereduced
marine influence on Richmond’s air masses (>50km from the
coast)comparedtoWarrawong,aswellasitsproximitytostrong,
distributed aerosol sources (urban and rural/domestic), aremost
likely the causeof thehigher r2valuesobserved for this site.On
the other hand, while Muswellbrook is located further inland,
lower r2 values are seen. This result is likely attributable to the
complex terrainassociatedwith theHunterValley,which formsa
barrier to many of the Sydney sources “seen” by the more
southern sites of the network, affects local meteorology, and
channelsemissionsfrom large,heterogeneoussourcesdistributed
alongthisairshed.

Insomecases theabovementioned trend isnotpresent.For
instance:forBC,theslopeofthelineofbestfitofmodeledtothe
measuredloadswascloseto1formostcasesinwinter,aperiodof
timewherehigherconcentrationsoftheseelementsareseenand
an estimation tool, for each day,would be of benefit. The best
resultswereobtained forRichmond. In thiscase, littledifference
wasseenbetweenestimatesobtainedfromthefulldaymodeland
itsmorningapproximation,thusthemorningradonmeasurements
canbeusedtoestimatetheBCconcentrationsthatthepopulation
willbeexposedtoforthedayattheRichmondsite.

Goodresultswereobtainedwhenthemodelisusedtopredict
averagedailyradon(Section3.3),however,foraerosolstheresults
aresitespecificandsourcespecific.

5.Conclusions

We estimated near–surface fine aerosol loadsusing a linear
regressionmodel with radon concentrations and radon concenͲ
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trationchangesmeasuredatselectedtimesofthedayasvariables
ofthemodel.Parametersofthemodelweredeterminedby least
squares fit to experimentally determined concentrations of
investigated species. The fitting periodwas set to the first two
years of the experiment (2007 and 2008) and the model
performancewasevaluatedagainstobservationsduring the third
year(2009).

Wefirsttestedthemodelbyreproducingaveragedailyradon
concentrationswhichresultedinthequalityofthefitbeingashigh
as r2=0.98.These resultsestablish thebestpossibleperformance
expected for the model. This is a consequence of the higher
uniformity of the radon source on the spatial and time scales
considered in the study as compared with fine aerosol sources
whichcansignificantlyvarybothspatiallyandovertime.

We then applied themodel toobtainestimatesof the total
PM2.5massconcentrationaswellasforarangeofelements;Naas
an indicator of sea salt, Si as an indicator for soil, K and BC for
smoke,FeandZnforindustryandSforsecondarysulfate.

Generallygoodcomparison(quantifiedbyr2)wasobtainedfor
H,BC,KandSiinwinter.Winterisalsoatimeofyearwhenhigher
concentrationsofBCandKareseenfortheinlandsites,atimeof
theyearwherearealtimequickandrelativelyinexpensivemethod
of estimating the daily concentration, for each day, will be of
benefit.Forinstance,forHr2valueswere0.50,0.68,0.70and0.63
forWarrawong, LucasHeights,RichmondandMuswellbrook. For
BC the corresponding r2 valueswere 0.57, 0.57, 0.78 and 0.44.
Usingbothmorningandevening radon terms (the fulldaymodel
approximation) as opposed to the morning terms only (the
morning approximation) resulted in better comparison with
experiment. However, in some cases a similar r2 value was
obtained forbothapproximations,e.g.Si inwinter forsitesother
thanRichmond;Sinwinteratallsites,ZninwinterforWarrawong
andMuswellbrook,andBCatallsitesandFeatMuswellbrook.

Modeled loads for dayswith highest aerosolmeasurements
were underestimated. However, we showed that the results
significantly improved for sampleswith typicalaerosol loads.We
alsofoundthatthemodel isnotsuitableforreproducingextreme
pollutioneventslikethesevereduststorminSeptember2009.

Overall, the model’s performance was better under
predominantly continental fetch conditions, however themodel
parameters need to be evaluated for each site and season, and
whenlargeinter–annualchangestoemissionsoccur.

WhilePerrinoetal.(2001)obtainedgoodresultsforbenzene
concentrationsatacontinentalsiteinItaly;thetechniqueseemsto
producereasonableresultsonlyforaselectednumberofcasesof
PM2.5, as stated above. This ismost likely due to the combined
effect of the nature of the PM2.5 source distribution and the
prevailingmeteorologicalconditionsforthetimeoftheyear.

We have shown that the model fitting period of two
consecutive years and the corresponding number of aerosol
samples (approximately 100 per year per sampling site, in our
experiment) are both adequate for determination of themodel
parameters.Witha largerdatasetavailable,orwhile running the
modelcontinuously,theoverallresultcouldpossiblybe improved
byoptimizingthedurationofthemodelfittingandbyresettingthe
fitting period so that it closely precedes individual comparison
events.

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